Glycated hemoglobin (HbA1c) is an important diagnostic indicator of diabetes mellitus, and some authors have argued that it is related to impaired lung function in the diabetic population. However, there was rare study for association between lung function and HbA1c in the non-diabetic population. We investigated whether HbA1c below the diagnostic threshold is related to deficits in lung function. We analyzed biochemical and spirometry data from a nation-wide, population-based, case-control study (the KNHANES IV and V). Eligible as cases were all native Koreans aged 40 years or more with no medical illness. A total of 3670 participants were divided into 4 groups according to HbA1c (%) as follows: Group I (n = 842), ! 4.0 and 5.3; Group II (n = 833), > 5.3 and 5.5; Group III (n = 898), > 5.5 and 5.7; and Group IV (n = 1097), > 5.7 and 6.4. Group I had the greatest forced vital capacity (FVC, 96.3 ± 0.5% pred, P < 0.0001), forced expiratory volume per second (FEV 1 , 93.8 ± 0.5% pred, P < 0.0001) and FEV 1 /FVC (0.792 ± 0.003, P < 0.0001) compared with the other groups. Linear regression showed that HbA1c was closely related to FVC (β = -6.972154, P < 0.0001) and FEV 1 (β = -5.591589, P < 0.0001), but not to FEV 1 /FVC. Logistic regression analysis revealed a significant association between HbA1c and a restrictive spirometric pattern (FVC < 80% pred., FEV 1 /FVC ! 0.70; OR = 3.772, 95% CI = 1.234-11.53), indicating that elevated HbA1c is closely associated with lung impairment in the non-diabetic population. In the healthy population, relatively high HbA1c level is associated with decrements of FVC and FEV 1 and may be a reliable predictor of poor lung function, especially the restrictive pattern.
Introduction
Diabetes mellitus (DM) has become a global pandemic due to population growth, aging, urbanization, and the increasing prevalence of obesity and physical inactivity [1] , and it accounts for the majority of the social and economic burden among patients and society in general [2] . Dysglycemia is one of the major factors responsible for the development of micro-and macro-angiopathies via several potential molecular mechanisms [3] . Dysglycemia over-production of reactive oxygen species (ROS) and changes in various signaling pathways have been reported to cause multiple types of vascular dysfunction and inhibit endogenous vascular protective mechanisms [3] . Thus, dysglycemia may induce vascular complications in all organs with large vascular network systems.
The lung is also an organ susceptible to diabetic microvascular complications [4] . Previous studies have shown that microangiopathic processes and biochemical changes of elastic recoil properties are related to the development of lung complications in the diabetic population [4] . Alterations of collagen and elastin fibers and thickening of alveolar capillaries and pulmonary arteriolar walls may result in thickening of the alveolar epithelial basal lamina, leading to reduced pulmonary capacity for gas exchange [5] .
Many studies have shown that hyperglycemia is related to poor lung function in patients with full-grown DM [5] [6] [7] [8] . Interestingly, some authors have argued that the initiation and development of vascular complications are not limited to diabetic patients and that, even in the prediabetic state, various DM-associated risk factors may contribute to micro-and macroangiopathy as part of diabetic complications [9] . However it is not clear how serum glucose levels in the prediabetic or non-diabetic states begin to affect lung function.
Glycated hemoglobin (HbA1c), a glycated form of hemoglobin A, reflects the mean blood glucose level over the preceding 2-3 months, and is frequently measured for diagnosing DM and monitoring glycemic control [10] . Epidemiological studies have demonstrated that a rise in HbA1c increases the risk of cardiovascular disease in diabetic and non-diabetic populations [11, 12] . Furthermore, Pinto Pereira et al. have demonstrated an association between HbA1c and reduced lung function in diabetic individuals [6] . However, little is known about the relation between HbA1c level and poor lung function, especially in generally healthy individuals. In this study, we investigated whether HbA1c level is related to impaired lung function in the general population.
Materials and Methods

Study population
The data were collected from publicly available data sets of the Korean National Health and Nutrition Examination Survey (KNHANES) conducted by the Korea Centers for Disease Control and Prevention (KCDC) among non-institutionalized Korean civilians between 2008 and 2012. All the participants volunteered and provided written informed consent prior to their enrollment. All participants' records, apart from survey date and home region, were anonymized prior to analysis, and the study was approved by the Institutional Review Board A total of 41277 individuals participated in the KHANES 2008-2012. The following were excluded from this study: participants for whom data were lacking (anthropometric or laboratory data), those under 40 years of age, those with any medical problems or chronic kidney disease with estimated glomerular filtration rate (eGFR, mLÁmin ) below 60. The total number of eligible participants was 3670 (Fig. 1 ).
Anthropometric and Clinical Measurements
Anthropometric measurements were made by well-trained examiners. Height was measured to the nearest 0.1 cm using a portable stadiometer (Seriter, Bismarck, ND). Waist circumference (WC) was measured using flexible tape at the narrowest point between the lowest border of the rib cage and the uppermost lateral border of the iliac crest at the end of normal expiration.
Waist/height ratio (WHtR) was calculated as the ratio of WC (cm) and height (cm). The conicity index (C-index) was computed, via a mathematical expression, using the measurement of weight, height, and WC [13] . Blood pressure (BP) was measured three times with a mercury sphygmomanometer (Baumanometer; Baum, Copiague, NY), in a seated position after at least 5 min rest. The average values of the three recorded systolic and diastolic BPs were used in the analyses.
Laboratory Methods
Venous blood was sampled after an 8 h overnight fast. Fasting plasma concentrations of glucose and lipids were measured enzymatically in a central laboratory using a Hitachi Automatic Analyzer 7600 (Hitachi, Tokyo, Japan). HbA1c levels were determined by high performance liquid chromatography using an automated HLC-723G7 analyzer (Tosoh Corporation, Tokyo, Japan). Serum concentrations of creatinine were measured by a colorimetric method (Hitachi Automatic Analyzer 7600), and eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [14] .
Pulmonary Function Testing and Poor Lung Function Patterns
Spirometry tests to determine lung function patterns were performed in participants over 40 by trained technicians using dry rolling-seal spirometers (Sensor Medics, Yorba Linda, USA) [15] . The technicians were trained to review the spirometry test results according to the American Thoracic Society/European Respiratory Society criteria. The spirometry data had to fulfill two criteria: (1) two or more acceptable spirometry curves had to be generated to ensure correct inspiration and 6-s expiration measurements and (2) there had to be a maximum of 50-mL inter-measurement variability in forced vital capacity (FVC) and forced expiratory volume per second (FEV 1 ). The spirometry tests were undertaken without a bronchodilator. Age-, sex-and height-adjusted normal predicted values for FVC and FEV 1 in the Korean general population were used to calculate the values of % predicted FVC and FEV 1 [16] . The restrictive pattern was defined as a percent predicted value of FVC < 80% and FEV 1 /FVC ! 0.7, and the obstructive pattern as an FEV 1 /FVC ratio < 0.7 [15] .
Statistical Analysis
Data are presented as means ± SE, or frequencies (and proportions). The t-test was employed to compare quantitative variables and Pearson's chi-square test to compare proportions for categorical variables. The data were analyzed with sampling weights to account for multistage and stratified sampling. Linear regression analysis was used to identify factor(s) related to spirometric parameters in the study participants. Odds ratios (ORs) with 95% confidence intervals (95% CIs) were calculated in multiple logistic regression models according to poor lung function (normal vs. restrictive). Two-tailed P < 0.05 was considered statistically significant. All statistical analyses were performed with Statistical Analysis Software (version 9.2; SAS Institute Inc, Cary, NC, USA).
Results
Baseline and spirometric characteristics
Participants consisted of 1580 men and 2090 women with a mean age of 54.8 ± 11.6 years. Their anthropometric, clinical, laboratory, and spirometric characteristics of the study population according to their HbA1c levels are listed in Table 1 . Group IV were older and smoked more cigarettes than the other groups. Participants with higher HbA1c levels suffered more from hypertension, were more obese, and also had worse lipid profiles and poorer kidney function than those with lower HbA1c levels in the non-diabetic population. FVC (92.9 ± 0.4% pred, P < 0.0001), FEV 1 (91.5 ± 0.5% pred, P = 0.0006), and FEV 1 /FVC (0.777 ± 0.003, P = 0.0002) were significantly lower in Group IV than in the other groups. In addition, the highest HbA1c group had the highest proportion of individuals with obstructive and restrictive patterns.
We carried out a linear regression analysis to assess the relation between baseline characteristics and spirometric parameters. After controlling for age, body mass index (BMI), and extent of smoking, a multiple linear regression analysis showed that FVC was closely related to serum glucose, HbA1c, and 25 OH-vitamin D (Table 2) . Also, FEV1was stronglyrelatedtoHbA1c, but other metabolic parameters showed no significant association (Table 3) . We did not find a significant relationship between HbA1c and FEV 1 /FVC (data not shown). 
Restrictive spirometric pattern
Logistic regression analysis revealed that HbA1c was associated with obstructive and restrictive spirometric patterns. After adjustment for age, gender, BMI, WC, WHtR, C-index, triglyceride, LDL-cholesterol, and extent of smoking, logistic regression analysis demonstrated that HbA1c was a strong predictor of restrictive spirometric pattern (Table 4) . However, we did not find a significant association between HbA1c and obstructive patterns (data not shown). Importantly, Fig. 2 shows that people with HbA1c > 5.7% appear to have an increased risk of developing the restrictive pattern: the adjusted OR of the restrictive spirometric pattern was 1.311 (95% CI = 0.745-2.308) for group I, 1.370 (95% CI = 0.776-2.417) for group III, and 1.837 (95% CI = 1.099-3.071) for group IV, using group II as reference.
Discussion
In the present study we showed that serum level of HbA1c was associated with decreased lung function parameters and could be of value in predicting restrictive spirometric patterns even below the accepted diagnostic threshold for DM. However, HbA1c was not independently associated with the obstructive lung function pattern in this study. These findings suggest that small increments of glycemic exposure, even below the threshold for diagnosis of DM, may be complicated by reduced lung volumes and airway flow limitation. Although the pathophysiological mechanism underlying the association between glycemic exposure and abnormal lung function remains to be established, the major potential mechanisms are microangiopathy of the pulmonary vascular network and chronic low-grade tissue inflammation [17] . Previous studies have shown that dysglycemia affects lung connective tissue metabolism leading to thickening of the alveolar epithelial and endothelial basement membrane [18] [19] [20] [21] . Furthermore, pulmonary microangiography is a characteristic manifestation of diabetes [22, 23] . Such findings results in reduced alveolar gas exchange in patients with type 1 and 2 DM. Chronic low-grade tissue inflammation may also contribute to a decline in lung function [24, 25] . A recent prospective study showed that elevated level of inflammatory markers was closely associated with an increased risk of future impairment of lung function [26] . Thus, the systemic inflammatory responses to metabolites in prediabetic or diabetic people may have a continuous negative effect on lung function.
There have been few studies of the association between HbA1c and mechanical abnormalities of the lung in patients without DM. In our linear regression analysis, HbA1c, a clinical indicator of glycemic exposure level over the previous 2-3 months, was inversely related to FVC and FEV 1 in the general population. Previously, McKeever et al. showed that persons with elevated HbA1c had an associated decrease in FVC and FEV 1 [27] , and Lee et al. found that FVC, but not FEV 1 , decreased with increasing fasting glucose level [28] . Also, metabolic syndrome is closely associated with a restrictive spirometric pattern in the general population [29] . However, these studies included younger people and diabetic subjects, which may be a potential limitation to the finding whether long-term glycemic exposure without confounding effect of DM-related condition has a negative influence on spirometric values. To minimize factors affecting lung function, we excluded subjects under 40 years of age or with any clinical illness, and adjusted for confounding parameters; we then found that none of the components of metabolic syndrome--systolic BP, waist circumference, triglyceride, and high-density lipoprotein--were related to FVC and FEV 1 except for blood glucose and HbA1c. Logistic regression analysis revealed that HbA1c was strongly associated with a restrictive pattern. Thus, this study showed that increased glycemic exposure, even within the normal blood glucose range, may have an adverse effect on lung function. Our data also provide insight into the relationship between HbA1c level and impaired lung function in the non-diabetic population. Our logistic regression revealed that HbA1c was significantly associated with increased risk of a poor lung function, and that HbA1 > 5.7% may be an indicator of the restrictive lung pattern. HbA1c in the range 5.7-6.4% is considered as identifying individuals with prediabetes [30] . Because typical diabetic microvascular complications can occur in prediabetes through both glucose-related and glucose-independent mechanisms [9] , our results provide clinical evidence that prediabetic ranged HbA1c may be important clue to find adverse effect of systemic inflammation on the lung.
There are several limitations to our study. First, the total lung capacity, a parameter for accurate diagnosis of restrictive lung disease, was not include as a pulmonary function test in KNHANES I-V [31] . Second, we did not assess the diffusing capacity of the lungs for carbon monoxide (DL CO ). Decreased DL CO has been documented as providing evidence of diabetic pulmonary microangiopathy [4] . Unfortunately, DL CO also was not available in the KNHANES I-V. However, our results are consistent with other prospective or meta-analytic studies of diabetic patients that showed declines in both FVC and FEV 1 , but not in FEV 1 / FVC   Fig 2. Adjusted multiple logistic regression analysis for the restrictive spirometric pattern. Adjusted for age, gender, body mass index, and amount of smoking. [32, 33] . Therefore, they may be sufficiently reliable to account for the relationship between HbA1c and poor lung function in the non-diabetic population. Third, our pulmonary function tests may have been influenced by a wide variety of factors. Because of study design, we could not adjust for many possible factors other than age, gender, BMI, and smoking level. Finally, because of the limitations of cross-sectional study, we did not examine long-term effects of glycemic exposure on the airway flow and lung parenchymal abnormalities.
The results of the present study suggest that relatively high HbA1c level in the healthy population is associated with decrements of FVC and FEV 1 and is an important predictor of poor lung function, especially the restrictive pattern. However, a large population-based prospective clinical study is needed to identify the mechanisms involved and the clinical implications. 
Author Contributions
